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Adenovirus binds to its receptor via the head domain of its fiber protein. We have crystallized the adenovirus serotype 2
(subgroup C) receptor binding domain and solved the structure at 1.5 Å resolution by the molecular replacement technique
using the known adenovirus type 5 head structure. Included in the high-resolution model are 306 water molecules, five
alternative side chain conformations, and individual anisotropic temperature factors for each atom. The overall structure of
the serotype 2 head is very similar to its serotype 5 homologue, apart from differences in some of the flexible loops. All but
subgroup B adenoviruses are believed to use the recently identified protein CAR (Coxsackievirus and adenovirus receptor)
as receptor. By comparison of the two structures and sequence alignment of CAR binding and non-CAR binding serotype fiber
heads, we discuss possible receptor binding sites and propose a receptor binding site in a crevice between two monomers
on the side of the trimer. The structural basis of the extraordinary stability of the fiber head trimer is also discussed. © 1999
Academic Press
m
(
B
(
b
u
a
e
s
1
a
g
M
h
1
o
h
a
P
2
h
e
1
b
mINTRODUCTION
Adenoviruses are DNA viruses which predominantly
nfect mammals and birds. In humans some 49 serotypes
ave been identified and grouped into six distinct
lasses, A to F. They are responsible for a variety of
espiratory, gastroenteric, and ocular infections. Adeno-
iruses form icosahedral particles with 240 copies of the
rimeric hexon protein arranged on the planes and a
enton complex at each of the 12 vertices. The hexon
rotein has a mainly structural role in forming the capsid,
lthough it also might be responsible for some of the
erological differences between the adenovirus sero-
ypes. Its atomic structure has been solved at 2.9 Å
esolution (Roberts et al., 1986). The penton complex
onsists of a pentameric penton base, which interacts
ith five hexons, and an externally protruding trimeric
iber. The fiber protein is responsible for the viral attach-
ent (Philipson et al., 1968), through its C-terminal head
omain (Louis et al., 1994; Henry et al., 1994), while the
enton base is implicated in virus internalization (Wick-
am et al., 1993). The structure of the adenovirus sero-
ype 5 (Ad5) fiber head has been solved (Xia et al., 1994)
o a resolution of 1.7 Å, but the atomic structure of the
enton base remains unknown. The structure of the fiber
haft, which is composed of a serotype-dependent num-
er of repeating motifs (Green et al., 1983; Chroboczek et
l., 1995), is also unknown, but a model consistent with
1 To whom correspondence and reprint requests should be ad-
eressed. Fax: 00-33-476-207199. E-mail: cusack@embl-grenoble.fr.
333easured X-ray diffraction spacings has been proposed
Stouten et al., 1992).
It has been known for some time that Coxsackievirus
and adenovirus serotype 2 share the same receptor
Lonberg-Holm et al., 1976). This receptor has recently
een identified and is a novel cell surface protein of
nknown cellular function, named Coxsackievirus–
denovirus receptor (CAR) (Bergelson et al., 1997; Tomko
t al., 1997). CAR has been shown to be the receptor for
ubgroups A, C, D, E, and F virus fibers (Roelvink et al.,
998) but not for subgroup B (to which, for example,
denovirus types 3 and 7 belong). Short fibers from
roup F also do not bind CAR. In addition to CAR, the
HC class I a2 domain and fibronectin type III domain
ave also been implicated in virus binding (Hong et al.,
997).
In this paper we present the structure of the fiber head
f adenovirus serotype 2 at a resolution of 1.5 Å. This
ead domain belongs to a virus using CAR as a receptor
nd is the second structure of this class.
RESULTS
urification and crystallization of adenovirus serotype
fiber head
The head domain of the adenovirus serotype 2 fiber
ead (residues 388–582 of the full-length protein) was
xpressed using the baculovirus system (Louis et al.,
994). The protein was purified from insect cell medium
y a combination of anion- and cation-exchange chro-
atography (see Materials and Methods). During cation-xchange chromatography, the protein eluted in three
0042-6822/99 $30.00
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334 VAN RAAIJ ET AL.ifferent fractions (Fig. 1). Similarly, electrophoresis of
he fiber head protein in nondenaturing polyacrylamide
els led to three different bands (see inset Fig. 1). Protein
rom each of the three peaks shared the same N-terminal
equence (N-terminal sequence analysis yielded the se-
uence AITIG in all three cases) and mass (mass spec-
rometry results not shown). The most likely explanation
or the heterogeneity is a subtle charge difference be-
ween the protein from the different peaks. The prepara-
ion yielded 5 mg of pure protein from 500 ml insect cell
edium, in which approximately 4 3 108 cells were
rown.
The fractions from the three peaks were pooled sep-
rately and crystallized (see Materials and Methods).
rystals grew from fractions b or c to a maximum size of
.1 3 0.1 3 0.1 mm3. They are of space group P321, with
nit cell parameters a 5 b 5 95 Å, c 5 49 Å a 5 b 5
0°, and g 5 120° and contain one monomer in the
symmetric unit. They diffract to a maximum resolution of
.3 Å, but the highest resolution diffraction is very sensi-
ive to radiation damage. Previous crystallization trials
ere carried out with a mixture of the three different
rotein fractions a, b, and c and led to strongly diffract-
ng, but highly disordered, crystals (S. Curry, A. Åberg,
nd S. Cusack, unpublished results). Well-diffracting,
ell-ordered crystals could be grown reproducibly using
he protocol described under Materials and Methods.
tructure determination
A complete dataset was measured at 1.5 Å resolution
n three frozen crystals. The structure was solved by
olecular replacement using the known structure of the
FIG. 1. Heterogeneity of the adenovirus serotype 2 fiber head protein
urified from recombinant baculovirus-infected insect cells. Fiber head
rotein was purified as described under Materials and Methods and
hromatographed on a cation-exchange column. Protein from each of
he three resulting peaks was analyzed by nondenaturing PAGE (inset).
he gel contained 9% (w/w) acrylamide, 0.2% (w/w) bisacrylamide, and
unning buffer (375 mM Tris–glycine, pH 8.5). Trimeric fiber head from
eaks b and c was crystallized successfully.erotype 5 fiber head (Xia et al., 1994; PDB Accessionode 1knb). An atomic model was refined using the
rogram REFMAC (Murshudov et al., 1999) to a final
-factor of 10.9% (R-free 14.3%). The final model, which
as good stereochemistry, includes all protein atoms,
06 water molecules, 2 sulfate ions, and anisotropic
-factors for individual atoms (Table 1). A sample of the
inal 2Fo-Fc electron density is shown in Fig. 2.
escription of the structure
The primary structure identity between the adenovirus
erotype 2 and 5 fiber heads is 66%, resulting in a very
imilar overall structure for the two proteins. The trimer
orms a compact structure with a height of 45 Å and a
iameter varying between 50 and 55 Å. The principal
eature of the head monomer is an anti-parallel b-sand-
ich formed by two four-stranded b-sheets which pack
ogether at an angle of about 30° (Fig. 3A). The position
nd designation of the b-strands is shown in the se-
uence alignment (Fig. 4). In the trimer, one of the two
heets (composed of b-strands D, G, H, and I) is exposed
o the solvent and as it may face the receptor it was
alled the R-sheet (Xia et al., 1994). The other sheet
composed of b-strands A, B, C, and J) faces the interior
f the trimer and toward the virus and was called the
TABLE 1
Summary of Refinement Statistics for the Final Set of Coordinates
pace group P321
ell dimensions a 5 b 5 95.35 Å,
c 5 48.80 Å
esolution range 10.97–1.51 Å
-factora 0.109 (0.136)
-free-valueb 0.143 (0.180)
o. of atoms 1837
o. of reflections used in refinement 35,701
o. of reflections used for R-free
calculation
1119 (3%)
olvent content 58.1%
o. of protein atoms (195 residues) 1521
o. of water moleculesc 306
o. of sulfate atoms 10 (2 ions)
verage protein B-value 18.7 Å2
verage water B-value 43.1 Å2
verage sulfate B-value 51.8 Å2
amachandran plot of nonglycine
and nonproline residuesd
ost favorable regions 150 (85.2%)
dditional allowed regions 24 (13.6%)
enerously allowed regions 1 (0.6%)
isallowed regions 1 (0.6%)
MS deviations from ideal valuese
ond distances 0.016 Å
ngles 1.7°
a R 5 Su uF obs(hkl )u 2 uF calc(hkl )u u/SuF obs(hkl )u. R-factor values in
arentheses are for the highest resolution bin.
b Bru¨nger (1992).
d According to the program PROCHECK (Laskowski et al., 1993).
e Engh and Huber (1991).
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335ATOMIC STRUCTURE OF Ad2 FIBER HEAD-sheet. The hydrophobic core between the two sheets
ontains many of the residues highly conserved in most
nown fiber head sequences (Fig. 4). They are often
arge aromatics (e.g., Phe-461, Trp-478, Phe-497, Phe-555,
rp-557, Phe-569, Phe-576, and Tyr-578). The b-strands
re connected by more variable, often long loops of
rregular structure containing many reverse turns. For
ase of reference we recall the loop designation intro-
uced by Xia et al. (1994) between successive strands
see Fig. 3A): AB (402–419), BC (428–431), CD (440–454),
G (461–515), GH (521–529), HI (536–550), IJ (557–573).
he two short b-strands E and F proposed by Xia et al.
1994) are considered part of the long DG loop.
omparison with adenovirus serotype 5 fiber
ead structure
The primary sequences of the adenovirus serotype 2
nd 5 fiber heads can be completely aligned except for
he insertion of Glu547 in the HI loop in type 2 (Fig. 4).
uperimposition of the corresponding Ca atoms of the
wo structures (396–582 in type 2) gives a root mean
FIG. 2. Representative electron density map (2Fo-Fc) contoured at 1.0
, covering from bottom left to top right residues Val-455 to Asp-462;
ote the double side-chain conformation of Ser-456. This figure and
igs. 3, 5A, and 6 were prepared using the program BOBSCRIPT
Esnouf, 1997), a modified version of MOLSCRIPT (Kraulis, 1991).quare (RMS) deviation of 1.95 Å, showing that the struc- sures are indeed very similar (Fig. 5A). For the trimer the
MS value is 2.01 Å, indicating that the three monomers
f the type 2 and 5 fiber head are orientated virtually
dentically relative to each other. The differences in the
wo structures are confined to residues at the N-terminus
nd in loop regions. These differences can mainly be
xplained by the fact that the packing in the serotype 2
rystals (space group P321) is very different from that in
he type 5 crystals (space group P213). In the present
tructure eight more residues at the N-terminus are ob-
erved in the electron density, 388-AITIGNKN-395, and
he immediately following residues are also better or-
ered. These residues, which form the connection be-
ween the head and the shaft, are packed against the
ottom of an adjacent monomer in the same trimer.
owever, recent results suggest that this conformation is
result of crystal packing (van Raaij et al., unpublished).
A plot of the distances between equivalent Ca atoms
f type 2 and 5 fiber heads against residue number (Fig.
B) shows that the b-strands and the sharp turn connect-
ng strands B and C are extremely similar, while the other
oops vary more. The biggest RMS differences are in the
D and HI loops. The CD loop is relatively poorly ordered
n the serotype 2 structure, while in the type 5 structure
t is involved in crystal contacts with another trimer,
hich may have had an ordering effect. Conversely, the
I loop is relatively poorly ordered in the serotype 5
tructure, while in the type 2 structure it is involved in
rystal contacts. These observations probably reflect the
ntrinsic flexibility of these loops. Both loops show ap-
reciable sequence variability (see the alignment in Fig.
) and could be responsible for the serological differ-
nces between type 2 and 5. Of the remaining loops, the
B loop and the GH loop are oriented toward the three-
old axis of the trimer and make intermonomer contacts,
he AB loop toward the bottom (shaft side) of the mole-
ule and the GH loop toward the top of the head trimer.
hese loops are mainly conserved between adenovirus
erotypes 2 and 5 and have the same structure in both.
ike the GH loop, the IJ loop is also situated at the top of
he molecule. While residues 562 and 563 of this loop
how large RMS deviations between types 2 and 5, the
emaining residues of the IJ loop are in very similar
ositions. The large DG loop, containing the very short
-strands E and F (associated with the V-sheet), has a
ery similar structure in both serotypes, apart from a few
esidues around 470 (close to the C-terminus of the
-strand) and around 508 (close to the N-terminus of the
-strand). In the adenovirus type 2 structure, these res-
dues are involved in crystal contacts with a neighboring
rimer.
The adenovirus serotype 2 fiber head contains a cys-
eine at residue 419, whereas the corresponding residue
n type 5 is an alanine. Cys-419 is very close to Cys-411,
onserved in both serotypes, but the electron density
hows clearly that the predominant form is without a
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336 VAN RAAIJ ET AL.ystine bond. The relative orientation of cysteines 411
nd 419 is close to the b(A, HB) orientation defined by
FIG. 3. Structure of the adenovirus serotype 2 fiber head monomer and tr
nd end residues of each loop labeled. Loops and b-strands are also labe
C hairpin, white; CD loop, blue; the long DG loop, purple; the GH loop, re
icture of the structure of the fiber head trimer seen from the top (toward th
. Loop colors in parts B and C are defined as in part A. (C) Stereogram
all-and-stick representation. The concerned residues appear to cluster iutchinson et al. (1998) in an analysis of determinants of btrand register in antiparallel b-sheets. They find that
ys–Cys bonds between two neighboring antiparallel
) Stereo representation of the structure of the monomer with the beginning
ile loops are colored differently (shaft peptide, black; AB loop, turquoise;
I loop, green; the IJ loop, yellow; and the C-terminal tail, white). (B) Stereo
). Three clefts, which could be receptor binding sites, are labeled 1, 2, and
ead trimer with residues conserved in CAR binding serotypes shown in
, the cleft on the side of the trimer between two monomers.imer. (A
led, wh
d; the H
e virus
of the h-strands prefer the b(A, NHB) orientation, consistent
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337ATOMIC STRUCTURE OF Ad2 FIBER HEADith our observation that no cysteine bond is present in
he serotype 2 fiber head structure.
tructural similarity with other proteins
A structural similarity search of the PDB database with
he program DALI (Holm and Sander, 1993) showed sta-
istically significant similarity (Z score .2) to only seven
ifferent proteins apart from the Ad5 fiber head. These
re exo-1,4-b-D-glycanase (PDB Accession Code 1exg),
ellulosomal scaffolding protein A (1nbc), T. fusca endo-
xocellulase E4 (1tf4), cyclodextrin glucanotransferase
1pam), cellulosome-integrating protein (1aoh), diphthe-
ia toxin (1ddt), and a-2-macroglobulin (1ayo). Each of
hese proteins has a b-sandwich domain in which the
irections of the b-strands in each sheet are at angles of
pproximately 30° to the ones in the other. However, the
onnectivities of these proteins are all different to that of
he fiber head, nor are they trimers. Interestingly, all of
hese proteins are extracellular proteins like the fiber
ead and may share the very stable b-sandwich fold for
hat reason.
Another structurally related family of proteins that
hares the b-sandwich fold with the adenovirus fiber
ead is the tumor necrosis factor (TNF) family, as exem-
lified by the structures of TNF itself (Jones et al., 1989;
ck and Sprang, 1989; Accession Code 1tnf), CD40 li-
and (Karpusas et al., 1995; 1aly), and ACRP30 (adipo-
FIG. 6. Identification of accessible residues conserved in CAR bindin
f the three monomers A, B, and C are colored yellow, green, and red,
n non-CAR serotypes, are in white (for selection criteria, see the lege
f residues 450 to 486, identified as possible epitopes for adenovirus
roposed receptor binding cleft.yte complement-related protein of 30 kDa, a close ho- sologue of the complement protein C1q; Shapiro and
cherer, 1998). Like the adenovirus fiber head, these
roteins also form trimers and consist of a C-terminal
ead domain connected to a trimeric stalk. However, this
amily contains b-sandwich domains in which the direc-
ions of the b-strands in each sheet are aligned almost
erfectly. This probably explains why structural similarity
earch programs like DALI do not pick up the similarity,
n addition to the fact that the strand connectivity is
ifferent. To the eye, the resemblance of the structure of
he adenovirus fiber head to TNF, CD40 ligand, or
CRP30 is striking, particularly in the orientation of the
-sandwich relative to the threefold axis. This results in
similar positioning of the loops on the tops and sides
f the molecules, suggesting that the adenovirus fiber
ead domain interacts with its receptor or other proteins
imilarly to members of the TNF-family (see below).
tability of the trimer
Adenovirus fibers and fiber head domains are among
he few oligomeric proteins that do not dissociate upon
ncubation with sodium dodecyl sulfate (SDS) at moder-
te temperatures (Hong and Engler, 1996). In addition,
he adenovirus serotype 2 fiber is resistant to proteolytic
leavage. A site for chymotrypsin is found in the N-
erminal tail (Tyr-17–Asp-18; Devaux et al., 1987) and no
ites are found in the shaft domain. Only one chymotryp-
types. Shown is a space-filling model of all protein atoms. The atoms
tively. Atoms of residues conserved in CAR binding serotypes, but not
ig. 4). The visible solvent-accessible residues are labeled. The atoms
ising antibodies, are shown in gray. (A) Top view. (B) Side view of theg sero
respec
nd to F
neutralin site is found in the fiber head domain (Met-448–Thr-
f
(
R
b
338 VAN RAAIJ ET AL.FIG. 4. Alignment of CAR binding (2, 5, 4, 9, 12, and 41-L; above the line) and non-CAR binding (41-S, 3, 7, 16, 21; below the line) serotype adenovirus
iber heads. The positions of b-strands in the type 2 and 5 structures are indicated by the symbol b above the alignment. Residues that are conserved
maximum of one exception) in all serotypes are shown in thin-line boxes and are likely to have a structural importance for the fiber head fold.
esidues conserved (maximum of one exception) in CAR binding types, but different in non-CAR binding (maximum of one exception) are in bold-line
oxes.
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339ATOMIC STRUCTURE OF Ad2 FIBER HEAD49), but for cleavage at this site, more than stoichiomet-
ic amounts of protease are necessary (Louis et al.,
994). A high stability of the virus attachment protein is
robably necessary for virus survival.
This remarkable stability toward cold SDS treatment is
robably due to the surface area buried upon trimer
ormation which comprises both a network of hydrogen
onds between neighboring monomers and hydrophobic
atches. Two small hydrophobic patches can be identi-
ied between monomers in the trimer structure. The first
s located on the threefold symmetry axis at the shaft end
nd is formed by the three Cys-428 residues and three
eu-433 residues. The second is formed by the Ile-579,
la-503, Tyr-504, and possibly Leu-502 of one monomer,
nteracting with Trp-402, Pro-405, and Val-424 of an ad-
FIG. 5. Structural comparison of the adenovirus serotype 2 and 5
onomers. (A) Superposition of the structure of the adenovirus sero-
ype 5 (light) monomer onto type 2 (dark). (B) Ca differences between
orresponding residues of the two serotypes. Superposition was done
nd Ca differences were calculated using the programme LSQKAB
Collaborative Computational Project Number 4, 1994).acent monomer (anti-clockwise when looking from the nop). Apart from these two hydrophobic patches, there is
xtensive direct and water-mediated hydrogen-bonding
etwork between monomers in the trimer, notably involv-
ng strand J of the V-sheet (Table 2).
The total amount of surface that is buried upon trimer
ormation is 1880 Å2 (excluding residues 388 to 395,
hose conformation in the crystal is not the same as the
ne occurring in the intact fiber), which corresponds to
round 20% of the accessible area of the monomer. This
s about the average for oligomers of 20-kDa proteins
Janin et al., 1988). The fact that the head trimer is
esistant to mild SDS treatment suggests that the main
rimerization contributions are the hydrogen bonds be-
ween monomers (Table 2), while the hydrophobic
atches have a minor effect.
eceptor binding site
The CAR binding site on the fiber has not yet been
dentified. Three series of arguments based on the three-
TABLE 2
Hydrogen Bonds between Different Monomers in the Trimer
(Hydrogen Bonds Involving Residues 388 to 395 Are Excluded)
A. Direct hydrogen bonds in the A–B interfacea
Atom from monomer A Atom from monomer B Distance (Å)
Gln-431 Ne2 Thr-426 Og1 2.99
Gln431 Ne2 Leu-433 O 2.94
Asn-500 Nd2 Asn-484 Od1 2.96
Ala-512 O Asn-572 Nd1 2.96
Lys-513 Nz Pro-405 O 2.70
Lys-513 Nz Thr-422 Og1 2.80
Lys-513 O Ser-573 Og 2.72
Asn-515 O Ser-573 N 2.89
Ser-577 N Thr-575 Og1 2.98
Ser-577 Og Thr-575 Og1 2.75
B. Hydrogen bonds in the A–B interface mediated by a water
Monomer A Monomer B Water No. Distances (Å)
yr-504 OH Thr-435 Og1 7 2.62; 2.82
yr-504 OH Ser-573 Og 7 2.62; 2.81
al-517 N Ser-573 O 1 3.04; 2.75
al-517 O Tyr-521 N 6 2.92; 2.85
al-517 O Asn-572 Od1 6 2.92; 2.79
ln-519 N Gln-519 O 44 2.89; 2.77
ln-519 Oe1 Gln-519 Ne2 90 2.89; 3.19
ln-519 Oe1 Tyr-521 OH 90 2.89; 2.79
hr-533 Og1 Gly-524 O 19 2.81; 2.77
er-577 O Thr-575 Og1 3 2.85; 2.78
ln-581 O Asn-484 Od1 53 2.85; 2.68
ln-581 Oe1 Asn-484 Nd2 39 2.81; 2.96
a Hydrogen bonds were identified using the programs O (Jones et al.,
991) and WHATIF (Vriend, 1990). For the relative orientations between
onomers A, B, and C, see Fig. 6.
b Distances are between the atom of monomer A and the water and
etween the water and the atom of monomer B, respectively; the water
umber refers to the atomic coordinates deposited in the database.
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340 VAN RAAIJ ET AL.imensional structure can be used to suggest potential
eceptor binding sites: (a) putative binding sites of neu-
ralizing antibodies, (b) identification by inspection of
otential receptor binding sites on the head surface; and
c) identification from sequence alignments of surface
egions with residues conserved only in CAR binding
erotypes.
Several anti-serotype 2 head monoclonal antibodies
hat strongly neutralize viral infection by blocking fiber
inding have been identified by Fender et al. (1995); the
ames of the antibodies are 3C9, 6A4, 7E11, and 9E9.
thers have been identified on the serotype 5 head by
ong et al. (1997), namely, 1D6.3 and 7A2.7. All these
ntibodies are presumed to recognize discontinuous
pitopes on the folded, trimeric form of the fiber, since
ynthetic peptide epitopes have not been found and the
onomeric form is not recognized. Lack of identification
f these neutralizing antibody binding sites has hindered
elineation of the region of the fiber head directly in-
olved with or close to the receptor binding site. How-
ver, two less strongly neutralizing antibodies (7C2, mod-
rately neutralizing, and 3C7, weakly neutralizing) recog-
ize both monomeric and trimeric fibers and also
ynthetic peptides corresponding to residues 450 to 464
nd residues 465 to 479 of the head domain, respectively
Fender et al., 1995). Furthermore, Hong et al. (1997) have
sed a phage display library to reconstruct the epitope
or the monoclonal antibodies 1D6.3 and 7A2.7. Their
esults suggest that the region 438–465 forms part of the
inding site of 1D6.3, and 470–486 of adenovirus type 5
orms part of the binding site of 7A2.7. Combining the
esults of Fender et al. (1995) and Hong et al. (1997),
esidues 450 to 486, i.e., the CD loop, the D-strand,
ogether with the N-terminal half of the DG loop, up to
nd including the short strands E and F, may include or
e close to the receptor binding site (Fig. 6). It should be
orne in mind that it is possible that neutralizing antibody
inding sites are some distance from the receptor bind-
ng site and exert their effects by indirect means.
Excluding the external loop regions, which have diver-
ent sequences due to antigenic variation, we have
dentified three well-separated, structurally conserved
egions that could be receptor binding sites (Fig. 3B). The
irst (1) is the depression at the top of the trimer on the
hreefold axis, the floor being made by Gln-519 and
yr-521 and the sides by the C-terminal end of the GH
oop. Such a site would imply one threefold symmetric
eceptor binding site per fiber trimer. A second depres-
ion (2) has as its floor the central exposed portion of the
-sheet, which tilts away from the threefold axis toward
he virus. This sheet is surrounded by the N-terminal end
f the GH loop (from another monomer) and parts of five
ther loops (DG, HI, AB, CD, and IJ). The surface of this
epression contains mainly uncharged, polar residues,
otably serine and threonine, with one exposed hydro-
hobic residue (Phe-458). Such a receptor binding site aould likely allow three receptors per trimer. Interest-
ngly in the head crystals, this depression is filled by the
xtremity of the HI loop from a crystal neighbor. The third
utative site (3) is also on the side of the molecule at the
nterface of two monomers. It is formed by part of the DG
oop (residues 502–513) from one monomer and part of
he AB loop (residues 405–409) and V-sheet (strands B,
, and J) from another monomer.
A theoretical approach to locating the CAR binding site
s to identify residues that are “conserved” in the CAR
inding serotypes 2 and 5 (subgroup C), 4 (E), 9 (D), 12
A), and 41 long fibers (F), but not in serotypes 3, 7, 16,
nd 21 (B) or in 41 short fibers (residues in bold boxes in
ig. 4). When these residues are mapped onto our de-
ermined structure of the fiber head (Fig. 3C), two regions
ecome apparent. One contains the GH and IJ loops,
ccessible from the top of the molecule (putative recep-
or binding cleft 1 identified above) and which are struc-
urally conserved between types 2 and 5 (see above).
he other region is part of the AB loop immediately
ollowing the conserved TWLT sequence (residues 404–
08), which is accessible from the side of the molecule
nd forms part of putative receptor binding site 3. If the
olvent accessibility is also examined (Fig. 6), receptor
inding site 3 in the cleft between two monomers on the
ide of the molecule seems to us the most likely, as the
ther region is largely buried from the solvent. This
eceptor binding site implies a discontinuous epitope
see Fig. 6B), involving two monomers, and is thus con-
istent with the observation that no strongly neutralizing
ntibodies recognize the fiber head monomer or syn-
hetic peptides. The site is also close enough to the
inding sites of the moderately or weakly neutralizing
ntibodies for steric hindrance between the receptor and
he antibodies to explain their neutralizing effect.
DISCUSSION
We have determined the high-resolution structure of
he adenovirus serotype 2 fiber head and compared it
ith that of type 5, also belonging to subgroup C. The
tructures are very similar except for the conformation of
ertain surface loops. This reflects both the intrinsic
obility of these loops and the antigenic variation be-
ween the two serotypes. Both adenovirus serotypes use
AR as receptor and we have used various structural
rguments to try to identify the receptor binding site on
he head domain. Although none of these arguments
rovide very strong evidence, a site on the side of the
olecule involving the AB loop seems to us the most
onsistent with available knowledge. The stoichiometry
f binding of the CAR receptor to the fiber head is clearly
key parameter to be determined and recent gel filtra-
ion data from Freimuth et al. (1999) suggest more than
ne binding site per fiber head. This observation argues
gainst a site on the top of the trimer (one single site per
t
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341ATOMIC STRUCTURE OF Ad2 FIBER HEADrimer) and for one of the proposed sites on the side
three possible sites per trimer). Another argument for
inding to the side of the trimer rather than to the top is
hat in this way it is easier for up to three receptor
olecules, more widely spaced on the cell surface, to
ontact the same fiber head trimer.
The challenges ahead are to determine the structures
f the rest of the adenovirus penton and the complexes
ith interacting cellular factors. The structure of five
epeats of the fiber shaft has recently been determined
nd reveals a novel fold with a repeating motif (van Raaij
t al., unpublished results). To determine which residues
f the fiber head are involved in receptor binding, a
tructure of a complex of the fiber head and a soluble
art of the receptor is necessary. The structure of the
enton base, which has been shown to be involved in
irus internalization, notably by interactions with inte-
rins (Wickham et al., 1993), is also of great interest.
nce these structures are known, we will gain better
nderstanding of the detailed mechanism by which ad-
novirus infects cells. This in turn may lead to new
nsights into the cure or prevention of adenovirus infec-
ion and to the development of improved adenovirus-
ased gene therapy vectors targeted to specific cell
ypes.
Recombinant adenoviruses are one of the most effi-
ient delivery vehicles for gene therapy, due to their
road host range and the fact that they are efficiently
aken up by nondividing cells in vivo (Robbins et al.,
998). A further advantage is that they do not integrate
nto chromosomal DNA, implying a reduced risk of inser-
ional mutagenesis. Sophisticated applications of gene
herapy will, however, require targeting of the vector to
pecific cell types. Since CAR seems to be a widely
istributed receptor it may be necessary to eliminate
AR binding in recombinant adenoviruses and to re-
lace it with more specific receptor binding activity. To-
ard this end it has already been shown that an RGD
eptide can be introduced into the HI loop which makes
denovirus infection non-CAR dependent (Dmitriev et al.,
998). Elimination of CAR binding can now be attempted
y mutating the residues that we propose to be impli-
ated in CAR binding (Figs. 4 and 6).
The host range of adenoviruses seems to depend to a
arge extent on the interaction of the fiber with an appro-
riate receptor. Subgroups using CAR for attachment
nfect principally the respiratory tract. Subgroup B vi-
uses (e.g., serotype 3), which do not bind CAR (Roelvink
t al., 1998) and have short fibers, infect not only the
espiratory tract, but also the eyes. Subgroup F (e.g.,
erotypes 40 and 41), which has a pronounced tropism
oward the human digestive tract, has both long and
hort fibers on virions, of which the short ones do not
ind CAR. Knowledge of fiber head structures from these
ifferent groups of adenoviruses with their receptors will
e useful in understanding the role of the fiber in ade- covirus cell tropism and will help the design of gene
ransfer vectors specific for certain cell types.
MATERIALS AND METHODS
xpression, purification, and crystallization of
denovirus serotype 2 fiber head
The adenovirus serotype 2 fiber head (residues 388–
82 of the intact fiber protein) was expressed in the
aculovirus expression system as described by Louis et
l. (1994). Cells were grown for 3 days in monolayers or,
lternatively, in 500-ml spinner flasks. During expression,
pproximately one half of the fiber head accumulates in
he insect cells, and the other half appears in the me-
ium. Because the best crystals were obtained with
rotein coming from the medium, only purification from
he medium will be described here.
Medium (500 ml, to which one tablet of Boehringer
omplete protease inhibitor cocktail was added) from
nsect cells expressing recombinant protein was dia-
yzed against TED buffer (10 mM Tris–HCl, pH 8.5, 1 mM
DTA, 1 mM DTT), centrifuged to remove insoluble com-
onents (10 min at 10,000 g), and applied to a 63-ml
-Sepharose FF (Pharmacia) column equilibrated in
EDP buffer (TED buffer containing 0.001% (w/v) PMSF).
he column was developed with a linear gradient of
odium chloride in the same buffer. The fiber head eluted
t around 0.08 M sodium chloride. Peak fractions, after
ialysis against MEDP buffer (10 mM MES–NaOH, pH
.0, 1 mM EDTA, 1 mM DTT, 0.001% (w/v) PMSF), were
oaded onto a 22-ml S-Sepharose FF (Pharmacia) column
quilibrated in the same buffer. The protein eluted at
pproximately 0.13 M sodium chloride. Peak fractions
ere dialyzed against TEDP buffer and loaded onto an
-ml Mono-Q column (Pharmacia) equilibrated in the
ame buffer, from which it was eluted at approximately
.04 M sodium chloride. Peak fractions were pooled,
ialyzed against MEDP buffer, and passed onto a 2-ml
ono-S column (Pharmacia) equilibrated in the same
uffer. During elution with a 30-ml linear gradient of 0 to
.2 M sodium chloride in the same buffer, the recombi-
ant protein eluted in three main peaks, a, b, and c, at
.05, 0.08, and 0.13 M sodium chloride, respectively. The
ractions from the three peaks were pooled separately.
ecause a small amount of residual contaminant re-
ained at this stage, each of the three peaks was dia-
yzed against TEDP buffer and further purified on a 2-ml
ono-Q column equilibrated in the same buffer. Elution
as with a linear gradient of 0 to 0.3 M sodium chloride
n the same buffer. The fiber head eluted in all three
ases at approximately 0.05 M sodium chloride. The fiber
ead from peaks b and c was concentrated separately
nd washed with 1 mM DTT using Amicon Centricon
nd/or Microcon concentrators with a MWCO of 10 kDa
peak a contained too little protein to be of interest for
rystallization).
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342 VAN RAAIJ ET AL.Crystallization was carried out using the sitting drop
apor diffusion method in prefabricated plates (Charles
upper Co.). The well solutions contained between 1.0 and
.5 M ammonium sulfate, 0.1 M sodium acetate (of which
he pH was adjusted to between 4.0 and 5.2 with acetic
cid or hydrochloric acid), and 25% (v/v) glycerol. Five mi-
roliters of protein solution (approximately 20 mg/ml in 1
M DTT) was mixed with 5 ml of the well solution and
quilibrated with the well solution at 20°C. Crystals grew to
ull size after 1 week to 2 months, depending on the am-
onium sulfate concentration in the wells.
rystallographic data collection and processing
Data were collected on beamline Identify at the Euro-
ean Synchrotron Radiation Facility, using a wavelength
f 0.993 Å and a 300-mm MAR Research image plate
etector. Crystals were flash-frozen directly from the
rystallization drop, which contained 25% glycerol, and
ept at 100 K during data collection. Because radiation
amage was apparent even at 100 K, data were collected
rom three different crystals all from the same drop and
he same peak fraction, each measuring about 0.1 3
.1 3 0.1 mm. Data from the first crystal extended to 1.7
(42°), from the second crystal to 1.6 Å (40°), and from
he third to 1.5 Å (23°). These crystals had mosaic
preads varying from 0.5 to 0.7°.
Reflections were integrated with MOSFLM (Leslie,
992) and processed using programs of the CCP4 suite
Collaborative Computational Project Number 4, 1994).
easurements differing more than 3.5 SD from the
eighted mean were rejected (1407 of 38,6827 measure-
ents; 0.36%). The total dataset (10.97–1.51 Å) contains
6,871 unique reflections (3170 in the highest resolution
hell, between 1.59 and 1.51 Å), measured with a 4.7-fold
edundancy (1.4-fold in the highest resolution bin). The
ataset is 91.8% complete, with the main part of the
eflections missing from the highest resolution bin,
hich is 55.3% complete. The R sym(S hS iuI hi 2 ^I h&u/
hS iu^I h&u, where I hi is the intensity of the ith measure-
ent of the same reflection and ^I h& is the mean ob-
erved intensity for that reflection) of the dataset is 7.3%
17.2% in the highest resolution shell. The overall l/s(l )
as 7.3 (3.6 in the highest resolution shell).
tructure solution and refinement
The structure of the adenovirus type 2 fiber head was
olved by molecular replacement using the AMORE pro-
ram (Navaza, 1994) and the published structure of the
erotype 5 fiber head (Xia et al., 1994). The correct solu-
ion (after rotation, translation, and fitting) had a correla-
ion coefficient of 40.2% and an R-factor of 43.8%, with the
ther solutions all having correlation coefficients of less
han 19% and R-factors higher than 51%.
For calculation of the free R-factor, 3% of the reflec-ions were randomly selected (1119 reflections). Auto- cuilding and refinement proceeded using the remaining
5,701 reflections. The initial model was built automati-
ally using WARP (Perrakis et al., 1999) and refinement
as done using REFMAC (Murshudov et al., 1999). WARP
eliably built the main-chain atoms of 187 of the 195
esidues and 122 of the side chains. The program O
Jones et al., 1991) was used to adjust the autobuilt atoms
here necessary and to build the remaining residues
nd side chains (the maps for use with O were calcu-
ated using all 36,820 reflections). After individual aniso-
ropic B-factor refinement was employed, clear density
as visible for all residues (for an example, see Fig. 2),
lthough residues 449–452 are relatively disordered
ompared to the rest of the molecule. Simulated anneal-
ng omit maps confirmed that the conformation built for
his loop is the most likely, and no other complete con-
ormations are visible in the electron density. Double
onformations were built for the side chains of residues
er-446, Ser-456, Lys-528, Ser-542 and Ser-546. Water
olecules were built with ARP (Lamzin & Wilson, 1997)
r manually. After the final round of refinement, water
olecules which were under 1.0 s of the final 2Fo-Fc
ap in density were removed. Water molecules which
ad refined B-factors of greater than 70 Å2 were also
emoved. Finally, water molecules which had short con-
acts with other atoms or which did not form reasonable
ydrogen bonds as judged by the program WHATIF
Vriend, 1990) were removed, resulting in a final number
f 306 water molecules, of which 6 are located on the
hreefold and 1 on the twofold symmetry axis. Two sul-
ate ions were also modeled. Then the final refinement
ound was repeated. Structure factors and coordinates
ave been deposited in the Protein Database (Accession
os. r1qhvsf and 1qhv, respectively). The final model has
easonable stereochemistry and could be refined to very
atisfactory R-values (Table 1). The relatively high pro-
ortion of residues in the additionally allowed region
ompared to the most favored region of the Ramachan-
ran plot results from the fact that a lot of residues are in
oop regions. Residue Asn-537 is in the generously al-
owed region according to PROCHECK (Laskowski et al.,
993), while Thr-404 is in a disallowed region; neverthe-
ess, the electron density for both residues clearly shows
hat the present conformation is correct. Both residues
re at the C-terminal end of a b-strand and as such are
ikely to have an important structural role. Thr-404 is
onserved in all CAR binding adenovirus serotypes,
hile Asn-537 is conserved in all known fiber se-
uences, so it is likely that the distorted confirmation of
hese residues is important for the structure. The R-
ree/R ratio (1.31) is close to the value (1.34) predicted for
his resolution by Tickle et al. (1998).
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